In this paper we consider spin-3/2 fields in a D-dimensional Reissner-Nordström black hole spacetime. As these spacetimes are not Ricci-flat, it is necessary to modify the covariant derivative to the supercovariant derivative, by including terms related to the background electromagnetic fields, so as to maintain the gauge symmetry. Using this supercovariant derivative we arrive at the corresponding Rarita-Schwinger equation in a charged black hole background. As in our previous works, we exploit the spherically symmetry of the spacetime and use the eigenspinor-vectors on an N -sphere to derive the radial equations for both non-transverse-traceless (non-TT) modes and TT modes. We then determine the quasi-normal mode and absorption probabilities of the associated gauge-invariant variables using the WKB approximation and the asymptotic iteration method. We then concentrate on how these quantities change with the charge of the black hole, especially when they reach the extremal limits.
I. INTRODUCTION
In supergravity theories [1, 2] the gravitino is described by a spin-3/2 field. The equations of motion of these spin-3/2 fields are given by the Rarita-Schwinger equation:
where
is antisymmetric product of Dirac gamma matrices, ∇ ν is the covariant derivative, and ψ α is the spin-3/2 field. In four dimensional black hole spacetimes the Rarita-Schwinger equations are usually analyzed in the Newman-Penrose formalism. However, this formalism cannot be extended to higher dimensions in a straightforward way. In our previous works [3, 4] we have tried an alternative approach to deal with spherically symmetric black hole cases. Using a complete set of eigenspinor-vectors on N -spheres, we were able to separate the radial and angular parts of the Rarita-Schwinger equation. In this paper we would like to extend our considerations to charged black hole spacetimes.
The Rarita-Schwinger equation is invariant under the gauge transformation
where ϕ is a gauge spinor, provided that the background spacetime is Ricci-flat [3, 4] . This is not the case for charged black holes, nor for black holes in de Sitter or anti-de Sitter spaces. To maintain the gauge symmetry in those cases it is necessary to modify the covariant derivative into the so-called the "supercovariant derivative". This is done by adding terms related to the cosmological constant and the electromagnetic field of the black hole. Here we shall concentrate on charged Reissner-Nordström black holes in asymptotically flat spacetimes, where in the following section we shall show in detail how the supercovariant derivative is constructed in this case.
Using the supercovariant derivative we are able to obtain the Rarita-Schwinger equation for spin-3/2 fields in Reissner-Nordström black hole spacetimes. Since the spacetime is still spherically symmetric, it is possible, as in our previous works, to derive the radial equations for each component of the spin-3/2 field using eigenspinor-vectors on the Nsphere. However, the component fields are not gauge invariant, while the physical fields should be. Hence we shall, as in Ref. [4] , construct a combination of the component fields, which is gauge invariant. That is, we shall use the same gauge invariant variables and work out the corresponding radial equations.
As the aim in this paper is to study spin-3/2 fields near a Reissner-Nordström black hole, we will focus on how the charge Q of the black hole affects the behavior of the fields. This is done by studying the quasi-normal models (QNMs) associated to our fields, where QNMs are characterized by their complex frequencies. The real parts of the frequencies represent the frequencies of oscillations, while the imaginary parts the decay constants of damping.
These QNMs are uniquely determined by the parameters of the black hole [5] , where in order to determine these QNMs we will use the WKB and improved Asymptotic Iterative Method (AIM), where these methods and how to implement them are given in Refs. [4, 6, 7] . Finally, using the WKB method we are able to obtain the absorption probabilities associated to our spin-3/2 fields, which can give us an insight into the grey-body factors and cross-sections of the black hole.
As such, this paper is set out as follows: In the next section we give a brief motivation for the form of our supercovariant derivative, and in Sec. III we use this supercovariant derivative to determine our equations of motion, and the potential functions for both the "non-TT" and the "TT eigenmodes" of our fields. In Sec. IV, we present the QNMs for our spin-3/2 fields near the Reissner-Nordström black hole. The corresponding absorption probabilities are laid out in Sec. V. Finally, in Sec. VI, we give concluding remarks on our results.
II. SUPERCOVARIANT DERIVATIVE
In order to ensure that our Rarita-Schwinger equation, γ µνα ∇ ν ψ α = 0, remains true, we must require that our spinor-vectors, ψ µ , are invariant under the transformation in Eq. (1.3). 4) which is satisfied when the metric is a Ricci flat spacetime [4] . However, in the case of the Reissner-Nordström metric this is not necessarily true, and so we must first determine the supercovariant derivative,D µ . We make the assumption that the derivative has the form:
This is guaranteed if
which needs to satisfy:
where D µ = ∇ µ − ieA µ , F µν is the electromagnetic field, and b, c are unknown constants.
Plugging Eq. (2.5) into Eq. (2.6) we have:
Setting γ µν equal to zero we have b = −2(D − 3)c, and together with Eq. (2.7) we have:
In order to remove the γ µ terms we require that
where 10) and with the γ µρσ term equal to zero only when e = 0. Next we consider the γ µ and γ λµνρσ terms. In the four dimensional case, γ λµνρσ = 0 and ∇ µ F µλ = 0, which is the Maxwell equation, and Eq. (2.8) is automatically satisfied. In the five dimensional case, γ λµνρσ is proportional to the identity matrix, such that we have to set the equations of motion for the electromagnetic field (where D = 5) as:
where λµνρσ is the Levi-Civita tensor. In higher dimensional cases we can take the equations of motion for electromagnetic field to be ∇ µ F µλ = 0, and the γ λµνρσ term vanishes if the condition F µ[ν F ρσ] = 0 is fulfilled. Finally the supercovariant derivative for the spin-3/2 field in a general dimensional Reissner-Nordström black hole spacetime can be written as:
Note that this is consistent with the results of Ref. [8] , though we must emphasize that in our construction one cannot find an appropriate supercovariant derivative for a "charged" spin-3/2 field in the Reissner-Nordström black hole spacetime.
III. POTENTIAL FUNCTION
In this section we will determine both the radial equations and the potential functions for our spin-3/2 fields near the Reissner-Nordström black hole, using the same approach as we have done for the N dimensional Schwarzschild black hole. For completeness we reproduce some of the results from the Schwarzschild case in this paper, where a full explanation of this method can be found in Ref. [4] .
A. Rarita-Schwinger field near D dimensional Reissner-Nordström black holes
Our line element is given as [8] :
r (2D−6) and D = N + 2. The term dΩ N denotes the metric of the N sphere S N , where we will use over-bars to represent terms from this metric. Next, the electromagnetic field takes the Coulomb form which is given as [9] :
(3.14)
The relation of Q and q is
where κ 2 is a constant defined by the Einstein field equation,
In order to be consistent with the supercovariant derivative above, one should take κ 2 = 1/2 as in Eq. (2.10). Since we represent the wave functions of our fields as spinor-vectors, which can be constructed from the "non TT eigemodes" and the "TT eigenmodes" on S N , we will use the massless form of the Rarita-Schwinger equation [4] :
whereD ν is the supercovariant derivative in Eq. (2.12).
B. Non-TT eigenfunctions
The radial and temporal wave functions can be written as:
whereψ (λ) is an eigenspinor on S N , with eigenvalue iλ. The eigenvaluesλ are given bȳ
, where j = 3/2, 5/2, 7/2, ... [4] . Our angular wave function is written as:
where φ
θ are functions of r and t which behave like 2-spinors. We begin by using the Weyl gauge, φ t = 0, and then introduce a gauge invariant variable, which we also use to determine the equations of motion. Looking at µ = r, µ = t and µ = θ equations in Eq.
(3.17) separately, we determine the 4 appropriate equations of motion. Note that our choice of the gamma tensors and the spin connections can be found in Ref. [4] .
Equations of motion
Firstly consider the case of µ = t in Eq. (3.17):
Using the definitions of our wave functions we determine our first equation of motion to be:
θ .
(3.21)
Next we consider µ = r, and get the second equation of motion as:
(3.22)
Finally for the case of µ = θ i we obtain two more equations:
(3.24)
It can be shown that these four equations of motion are not independent. One of them can be obtained from the other three. Hence we shall work with only Eqs. (3.21), (3.22 ) and (3.24) in the following.
Effective potential
The functions φ r , φ
are not gauge invariant, and as such we apply a gauge invariant variable to our equations of motion. Using the same arguments as we have used in Ref. [4] we obtain the following gauge invariant variable 
Component-wise, Φ can be written as:
where φ 1 and φ 2 are purely radially dependent terms. Furthermore we set
where 
Decoupling these two equations we obtain the following radial equations
where r * is the tortoise coordinate with the definition dr * = 1 f (r) dr, and
Setting Q = 0 in Eqs. (3.32) we recover the Schwarzschild potential as given in Ref. [4] .
C. TT eigenfunctions
Equations of motion
Setting the ψ r and ψ t to be the same as in the "non-TT eigenfunctions" case given in Eq. (3.18), the angular part is now given as:
whereψ θ i is the TT mode eigenspinor-vector which includes the "TT mode I" and "TT mode II", as described in Ref. [4] , and φ θ behaves like a 2-spinor. We again initially use the Weyl gauge, and in this case apply the TT conditions on a sphere, giving us φ t = φ r = 0 [4] . Our only non-zero equation of motion is then determined to be
where in this case φ θ is already gauge invariant. We can therefore use this equation to determine our radial equation.
Effective potential
We can rewrite φ θ as
and substituting Eq.(3.35) into Eq. (3.34) we get the following set of coupled equations:
we can simplify the equations in Eq. (3.36), and get the following
(3.39)
We now decouple the equations in Eq. (3.38) and obtain the radial equations
and our eigenvalueζ is given asζ = j + (D − 3)/2 with j = 3/2, 5/2, 7/2, ....
As noted in Ref. [4] , the Schwarzschild case of this potential is the same as for Dirac particles in a general dimensional Schwarzschild black hole [10] . This, however, is not true for the Reissner-Nordström case. For the spin-3/2 field one needs to use the supercovariant derivative in the charged black hole spacetime, whereas for the Dirac field one would still use the ordinary covariant derivative. The extra terms in the supercovariant derivative would render the effective potential of the spin-3/2 field in the TT mode to be different from that of the Dirac field in the same spacetime.
IV. QNMS
In order to obtain the QNMs we have chosen to use the WKB method, to 3rd and 6th order, and AIM. We would like to investigate how the quasi-normal frequencies change with the charge Q of the black hole, where a particularly interesting case of the ReissnerNordström black hole would be the extremal case Q = M . In this section we present the QNMs in the cases Q = 0.1M , Q = 0.5M , and Q = M for both "non-TT eigenfunction related" and "TT eigenfunction related" potentials from D = 4 to D = 7.
A. non-TT eigenfunctions related
In this subsection we consider the QNMs of the radial equations in Eq. (3.32). Since V 1
and V 2 are isospectral, we can choose either one to work with. Here we shall concentrate on the first equation, that is, the potential V 1 . In the case of the WKB methods for the QNMs associated to the "non-TT eigenfunctions", the full explanation of how to determine the QNMs Refs. [6, 11] . For the AIM, a detailed discussion can be found in Refs. [3, 4, 7] .
For the case of the Reissner-Nordström background, we shall start with the definition of the tortoise coordinate
The relation between r and r * can be obtained by
and r * = r
In the AIM we first single out the asymptotic behavior ofφ 1 , which is due to the QNM boundary conditions,φ the whole exponential. Next, a necessary coordinate transformation in the AIM will be
The coefficients for the lowest order can be obtained as:
We next find the higher order λ and s by the relation
and the corresponding ω by the equation
Iterating this method for a sufficiently large number of iteration, ω becomes stable, indicating that this is the QNM we are looking for. For example, for the first mode of the extremal case in 6 dimensions, the relation between iteration number and the QNM frequency is plotted in Fig 1 (with M = 1 ). This mode is one of the modes that the 3rd and the 6th order WKB methods do not give a reasonable result for, but the AIM does.
In Tabs. I-VI we present the QNMs for the Reissner-Nordström black hole for dimensions
The results are given in units of M , that is, we have set M = 1. We note that as the value of n increases, for fixed values of l (= j − 3/2) and D, the real part of the QNM decreases and the magnitude of the imaginary part increases, this being the same behavior as we have seen for the Schwarzschild black hole. This result suggests that the lower modes are easier to detect compared to the higher less energetic modes. Furthermore, they also decay the slowest. We also note that an increase in the number of dimensions results in the QNM being emitted more energetically. This can be understood by considering the change in the potentials as the dimension is increased as shown in Fig. 2 . From D = 4 to D = 7 the maximum value of the potential increases as D is increased. Hence, the real part of the QNM frequency would also increase. Lastly, when the charge Q is increased, the real part of the frequency for the same mode increases, while the magnitude of the imaginary part also increases. This is consistent with the change of the effective potentials as Q is increased, as shown in Fig. 3 . As Q is increased from 0 to 1 (in units of M ), the maximum value of the potential increases, hence the real part of the QNM frequency increases. On the other hand, the potential tends to sharpen as Q is increased, this implies that the field can decay more easily, giving a large decay constant, or a large absolute value of the imaginary part of the frequency.
Note that in the tables there are several blank entries. The reason for leaving these entries out is that we think the numbers we have obtained are not reliable. For the WKB approximation we found that higher order terms dominate over the lower order terms. This is unreasonable as the WKB method is generated from a series expansion. As for the AIM, the results do not converge when the number of iterations is increased. As such, in these cases we have left these entries as blank.
We also find that there is a strong disagreement for the WKB methods in the cases of Q = M , for dimensions higher than 7. The reason for this disagreement is two-fold. The first is again the problem with the WKB series expansion, as mentioned above. The second one is due to the peculiar behavior of the effective potential. As shown in Fig. 2 , it is clear that for the j = 3/2 potentials in the cases D > 7, a second local maximum will develop. This happens not just for the j = 3/2 cases but also for potentals with other j values. For larger values of j, the dimension at which the potential will have this behavior is higher. The presence of a second maximum renders the WKB approximation and the AIM unreliable, so we have only listed the results up to D = 7 in these instances. TABLE III: Low-lying (n ≤ l, with l = j − 3/2) spin-3/2 field quasi-normal frequencies using the WKB and the AIM with D = 4,5 and Q=0.5M. TABLE IV: Low-lying (n ≤ l, with l = j − 3/2) spin-3/2 field quasi-normal frequencies using the WKB and the AIM with D = 6,7 and Q=0.5M. TABLE VI: Low-lying (n ≤ l, with l = j − 3/2) spin-3/2 field quasi-normal frequencies using the WKB and the AIM with D = 6,7 and Q=M. For the "TT eigenfunction related" cases, both the WKB and AIM present reasonable results. We have to note that there is no "TT eigenfunction related" case in the 4-dimensional
Reissner-Nordström spacetime because of the absence of the TT eigenmodes on the 2-sphere.
In Tabs. VII-XII we present the TT QNMs for Q = 0.1M , Q = 0.5M , and Q = M from D = 5 to D = 7. The change in QNM frequencies is similar to that for non-TT cases when either n or D is changed. To see how the frequencies are affected by the change in the charge Q, we plot in Fig. 4 the first three modes in more detail for Q = 0 to 1. The red, blue and green colors represent 5, 6, and 7 dimensions. The result indicates that when Q becomes larger, the real part decreases and the absolute value of imaginary part also decreases. This is consistent with the change of the TT potential with Q, which is plotted in Fig. 5 . We can see that when Q is increased, the maximum value of the potential decreases. This implies that the real part of the QNM frequency decreases accordingly. In addition to this the potential broadens when Q is increased, so the mode decays slower, which implies that the absolute value of the imaginary part of the frequency becomes smaller. Note that this trend is the exact opposite to that for the non-TT cases for D < 7. TABLE VIII: Low-lying (n ≤ l, with l = j − 3/2) spin-3/2 field quasi-normal frequencies using the WKB and the AIM with D = 6,7 and Q=0.1M. TABLE IX: Low-lying (n ≤ l, with l = j − 3/2) spin-3/2 field quasi-normal frequencies using the WKB and the AIM with D = 5 and Q=0.5M. TABLE X: Low-lying (n ≤ l, with l = j − 3/2) spin-3/2 field quasi-normal frequencies using the WKB and the AIM with D = 6,7 and Q=0.5M. TABLE XI: Low-lying (n ≤ l, with l = j − 3/2) spin-3/2 field quasi-normal frequencies using the WKB and the AIM with D = 5 and Q=M. TABLE XII: Low-lying (n ≤ l, with l = j − 3/2) spin-3/2 field quasi-normal frequencies using the WKB and the AIM with D = 6,7 and Q=M.
V. ABSORPTION PROBABILITIES
In this section we present the absorption probabilities associated with our spin-3/2 fields near a Reissner-Nordström black hole. We use the same approach as in Ref. [4] , and as such only present the analysis of the results here, and refer the reader to Ref. [4] for the implementation of the method.
A. Non-TT eigenmodes related
In Fig. 6 we see that for a specific Q and D, the behavior of the absorption probability shifts from lower energy to higher energy as j increases, and this trend is similar to the Schwarzschild case. For fixed j and Q, we can compare the scale of each subplot and realize a lower energy to higher energy shift as D increase. For a fixed j and D, the absorption probability also shifts from left to right as Q increases. This is due to the maximum value of the corresponding potential increasing as Q increases, as shown in Fig. 3 for the case of D = 5, j = 5/2. An exception is in j = 3/2, D = 7 case, where the curve shifts to the left instead. This is because the maximum value of the potential decreases instead of increasing as Q is increased. Moreover, we have left out the absorption probability in the case of j = 3/2, D = 7, and Q = 1. We could not obtain a satisfactory curve for this case and believe this is due to the fact that the effective potential has two local maxima rather than one, thus rendering the WKB approximation inapplicable. 
B. TT eigenmodes related
The absorption probabilities associated with the "TT eigenmodes" are present in Fig. 7 .
It is clear that the absorption probabilities shift from lower energy to higher energy when we increase j (with fixed Q and D), and when we increase D (with fixed Q and j). However, when Q is increased with fixed D and j, the absorption probabilities shift from higher energy to lower energy. This is due to the maximum value of effective potential decreasing when Q increases, as shown in Fig. 5 for the typical case of D = 5, j = 5/2. 
VI. DISCUSSION AND CONCLUSION
In this paper we continue with our previous consideration of spin-3/2 fields in higher dimensional spherically symmetry black hole spacetimes [3, 4] . The first difference we encounter is the modification of the covariant derivative to the supercovariant derivative for spacetimes with a nonvanishing Ricci tensor, in which Reissner-Nordström black hole spacetime was the example studied here. This modification is necessary to maintain the supersymmetric gauge symmetry. We have not shown it explicitly in this paper, but the same procedure can also be applied to asymptotic non-flat cases, like black holes in de Sitter and anti-de Sitter spaces.
Our main results on the QNM frequencies and the absorption probabilities of the spin-3/2 fields for both non-TT eigenmodes and TT eigenmodes are given in Sec. IV and Sec. V, respectively. First we looked at the non-TT modes, where we found that when the charge of the black hole Q is increased from 0 to M the maximum value of the effective potential increases, while the peak of the potential becomes sharper (Fig. 3 is a typical example) . The result of this on the quasi-normal frequencies is that both the real part and the magnitude of the imaginary part will increase. For the absorption probability the curve will shift to higher energy when Q is increased. However, this trend will be reversed from the j = 3/2 and D = 7 case upwards, such that the maximum value of the potential will instead decrease as Q is increased. For higher dimensions, more and more modes would have this behavior.
For the TT-modes, the situation seems to be simpler. Firstly we need to mention that the effective potential in this case is not the same as the one for Dirac fields in the same spacetime, this is due to the extra terms present in the supercovariant derivative. A typical example of the change of the potential with changing Q is given in Fig. 5 . We can see that when Q is increased, the maximum value of the potential decreases and the peak broadens.
Hence, the corresponding real part of the quasi-normal frequency will decrease, and so too the magnitude of the imaginary part. For the absorption probability the curve will then shift to lower energies as Q is increased. This is opposite to the trend observed for the non-TT cases when the dimension is D < 7.
We have found that for higher dimensions, and especially for the charge Q near the extremal value, the effective potential will develop another maximum. We believe that this is also a property of the potentials in high enough dimensions. The shape of the potential will become more complicated due to the appearance of more maxima and minima. This will pose difficulties to the WKB approximations and the AIM we used to evaluate the QNMs, as well as the absorption probabilities. This problem is more prominent for larger values of Q, especially for the extremal cases.
Since our method is applicable to spherically symmetric spacetimes, the immediate applications would be to consider spin-3/2 fields for Schwarzschild and Reissner-Nordström black holes in de Sitter and anti-de Sitter spaces. Charged black holes in anti-de Sitter spaces are particularly interesting because of their relevance to the ground state of supergravity. We are also interested in working out the absorption cross-sections in our subsequent works. To do that we need to find the degeneracies of the eigenspinor-vectors on the N -sphere. One should be able to do that by following the method of Camporesi and Higuchi developed for Dirac spinors [12] .
